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The goal of this study was to predict the heat and mass transfer effects due to a refrigerator door being opened or a 
container being placed back into the refrigerator.  An experimental investigation was conducted with separate testing 
in open cavities and simulated containers.  The cavities and objects were heated to initial plate temperatures before 
being exposed to the ambient air.  From the change in plate temperatures, the overall heat transfer coefficient was 
determined.  The heat/mass transfer analogy was utilized to compute the mass transfer to the open cavities and 
objects.  The sensible and latent energy loading due to door opening conditions was compared to other contributors 




Refrigerator manufacturers have made substantial gains in energy efficiency over the last two decades.  Continued 
improvement of refrigerators is dependent on identifying all manners in which energy is transferred into a cabinet.  
Grimes et al. (1997) studied the influence of various conditions on energy consumption in household 
refrigerator/freezer (R/F) in which the refrigerator door was open for 10 seconds 24 times during a 24-hour period.  
Grimes concluded that the ambient temperature and the thermostat setting significantly affected the cabinet load.  
Allisi et al. (1988) conducted studies on refrigerator cabinets using 40 door openings for the fresh compartment at 
20-second intervals and found an increased in refrigerator energy usage by as much as 12% to 32% above the same 
closed-door conditions.  Meier (1995) estimated that the average family opens the refrigerator door approximately 
50 times during the day.  Gage (1995) investigated energy usage for nine R/F units for three months to a year and 
found that the average number of door openings per day for individuals was 10 for fresh food with an average 
duration of opening of 10 seconds.  Laleman et al. (1992) and Knackstedt et al. (1995) investigated experimentally 
heat transfer coefficients inside refrigerator cabinets during open door conditions.  Laleman also examined the 
effects of shelf geometry on open door loads and concluded the additional shelves caused a reduction in convective 
heat transfer coefficients by around 20%.  Knackstedt’s study included flow visualization of the cabinet as well as 
bulk air transport during open door conditions.  In his calculation of total energy load, Laleman used a fresh food 
cabinet opening interval of 20 seconds with a total of 30 door openings while, for the same calculation, Knackstedt 
used 20-second door openings with a total of 50 door openings.  Knackstedt concluded for a three-shelf, fresh food 
refrigerator, the average door openings accounted for approximately 8% of the refrigerator’s annual energy usage. 
 
In this paper, a description of the test cavities and objects used to simulate refrigerator cabinets and package 
containers are given.  The results of the experimental data for the cavities and objects are then discussed.  The 
experimental data is then used to develop a model to determine the refrigerator cabinet load.  The influence on the 
total open door load due to the number of openings and the duration of each opening was investigated using the 
model.  The sensible and latent energy loading due to door opening conditions was compared to other contributions 




2.1 Test Section and Apparatus 
Test cavities and objects were designed using polished 0.3175 cm (1/8 in.) thick 6061-T6 aluminum plates acting as 
calorimeters.  Two holes were drilled in each plate at a 45° angle, and a copper-constantan thermocouple wire was 
then inserted in each hole.  Thermal epoxy was placed over the lead wires to hold the bead in place and ensure good 
thermal contact.  During tests, differences between a single plate’s temperature averaged around 0.5°C, due in part 
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to the thermal epoxy and the positioning of the thermocouples.  The aluminum plates for cavities were bonded to 
5.08 cm (two-inch) thick Styrofoam insulation with a thin layer of silicone gel.  Plates were placed 0.635 cm (1/4 
in.) apart and the gaps were sealed with silicone gel.  Thermocouples were attached to the outside surface to measure 
the cavity wall temperature.  Cavities were designed to have an aspect ratio, H/L, of one for various sizes (see Figure 
1a).  Objects were designed in the same fashion as the cavities with aluminum plates attached to 2.54 cm (one-inch) 
or 5.08 cm (two-inch) thick Styrofoam insulation depending on the size of the objects (see Figure 1b).  The corners 
and gaps between plates were sealed with silicone gel to even the surfaces. 
 
  
 a) b) 
Figure 1: Measurement test equipment a) cavities b) objects 
 
Separate tests were conducted for cavities and objects.  To prepare for a test, a cover was placed over the cavity.  
Incandescent lights and fans were positioned on the inside cavity cover to provide uniform heating of the aluminum 
plates.  Once the desired overall temperature of the cavity was achieved, the cover was removed and the cavity was 
allowed to cool.  To prepare for a test, an object was placed in an insulated conditioning box where incandescent 
lights were positioned throughout the box to heat the aluminum plates.  Fans located around the inside of the 
conditioning box helped circulate air to obtain approximately uniform plate temperatures.  To initiate testing, the 
object was taken out of the insulation box and placed on a Styrofoam platform, which was then laid on the table 
where the object was allowed to cool. 
 
2.2 Data Reduction Procedure 
A transient technique used by Laleman et al. (1992) and Knackstedt et al. (1995) was incorporated to determine the 
convective heat transfer coefficient.  Each aluminum plate can be considered a calorimeter undergoing conduction, 







cm ++=  (1) 
 
The convective heat transfer was determined as 
 
 ( )plateambplateconv TThAq !=  (2) 
 
The ambient surrounding was treated as a blackbody surface while the aluminum plates were assumed diffuse, 
gray surfaces.  The emissivity of the aluminum plates was assumed to be 0.1, which is a value used by 
Laleman et al. (1992), and Knackstedt et al. (1995).  An emissivity of 0.1 is a conservative value for smooth, 
polished aluminum that is slightly oxidized.  For the cavities, a view factor was determined for each plate to 






















q  (3a) 
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where the radiosity (Ji) was determined from solving a simultaneous set of equations for each surface.  The 
view factors were calculated from Ehlert and Smith (1993).  The net radiation transfer rate for each plate on an 
object to the ambient was determined as 
 
 ( )4plate4ambplaterad TTAq !"#=  (3b) 
 
For the conduction term, a 1-D finite difference method was developed to estimate the temperature profile in the 
insulation based on the measured aluminum plate and surface insulation temperatures.  The numerical simulation 
allowed the foam conduction effect to be more accurately determined.  Numerical simulations ran from the start of 
the test, while the cavity/object was being conditioned, to the very end of testing, while the cavity/object was cooled 
down after being exposed to the ambient. 
 
2.3 Significant Parameters 






c=  (4) 
 
Using equation (1) through equation (3b) along with the conduction term, the local plate convective heat transfer 
coefficient, h, was determined from the plate temperatures and was calculated every thirty seconds throughout the 
tests.  Transient change of plate temperatures at each interval, dTplate/dt, was based on a least squares curve fit of the 















For the cavity, the cavity height, H, was defined as the characteristic length.  For the object, the characteristic height 














3.1 Cavity and Object Average Nusselt Numbers 
The average Nusselt number for tests of the cavity and object was determined using equation (4) and the results can 
bee seen in Figures 2a-b. 
 
 a) b) 
Figure 2: Nusselt number a) cavities b) objects 
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The data was correlated in the form 
 
 3/1Hcav,H Ra091.0Nu =  (7) 
 
 285.0Lobj,L cc Ra236.0Nu =  (8) 
 
For the cavity, the 1/3 power was chosen based on Skok’s et al. (1991) study of natural convection on open cavities.  
For the objects, the power law was used to obtain the exponent. 
 
3.2 Analysis of Cabinet Loads 
Once results for the open cavities and objects were obtained, a computer simulation was created using Engineering 
Equation Solver developed by Klein and Alvarado (2002) to predict the cabinet load.  The cabinet load was defined 
as 
 
 miscedgecondgaskobjopenload QQQQOQQ +++++=  (9) 
 
The load due to the door opening was defined as 
 
 radlat,airsens,airmassconvopen QQQQQQ ++++=  (10) 
 
where: 
Qconv load due to convective heat transfer 
Qmass load due to mass transfer (condensing of water vapor to liquid on the walls) 
Qair,sens load due to bulk air exchanged (sensible energy) 
Qair,lat load due to bulk air exchanged (latent energy) 
Qrad load due to radiation exchange between air and cabinet walls 
  
During the door opening, the air inside the cabinet was assumed to be completely exchanged with the ambient air, as 
seen in the Knackstedt et al. (1995) study.  The mass transfer coefficient was related to the convective heat transfer 










=  (11) 
 
The load due to the container being placed back into the refrigerator was defined as 
 
 lat,objsens,objobj QQQ +=  (12) 
 
where: 
Qobj,sens load due to sensible energy gained in the containers 
Qobj,lat load due to latent energy of water formed on the containers 
 
It was assumed that the container’s temperature was the same as the cabinet air temperature, Tair,cab, at the time it 
was removed from the cabinet.  Water enters the refrigerator not only when the door is opened or a container is 
replaced, but also when air infiltrates through the gasket seals.  Stein et al. (2000) investigated moisture transport 
into the refrigerator cabinet during closed-door conditions and formulated the following relation to measure the 
water infiltration rate 
 
 ( )[ ]wi,wvamb,wvffgaskgask PPLhm !=&  (13) 
 
where the gasket infiltration coefficient was 0.0112 g/min/m/kPa.  The cabinet load due to conduction was modeled 
as an equivalent thermal circuit (see Figure 3).  The thickness of the polyurethane insulation was 5.08 cm (2 in.). 
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Figure 3: Resistive network for refrigerator cabinet 
 
The interior convective heat transfer coefficient was determined from William’s (1994) study of natural convection 




Ra188.0Nu =  (14) 
 
The outside heat transfer coefficient was determined from the correlation of Churchill and Chu (1975b) for natural 























+=  (15) 
 
The radiative heat transfer coefficient inside and outside the cabinet was determined from the following relation 
 






TTTTh ++!"=  (16) 
 
The load due to edge factors, Qedge, was studied by Boughton et al. (1990) and was determined to be a sum of heat 
gain from the conduction along the wall steel flange and door steel flange.  The load due to miscellaneous factors 
was defined as 
 
 compfansgask,defopen,defmisc QQQQQ +++=  (17) 
 
where: 
Qdef,open  load due to excess energy used during defrost of water entered from open door and container replacement 
Qdef,gask  load due to excess energy used during defrost of water entered through gasket during normal operation 
Qfans load due to excess heat from fans 
Qcomp load due to excess heat from compressor 
 
To examine the influence on the total open door load due to the number of door openings and the duration of a door 
opening, the model was used and the results are shown in Table 1.  As the duration of door openings varied with 
constant number of door openings, the increase in energy was approximately 7% to 8%.  As the number of door 
openings varied with constant duration of each door opening, the increase in energy was approximately a 33% 
difference between 30 and 40 door openings, while from 40 to 50 door openings the difference between duration of 
openings increased by only 25%. 
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Table 1: Influence of number of door openings and length of each door opening in a 24-hour period 
(Test conditions: ambient temperature = 27°C; cabinet temperature = 3°C; ambient relative humidity = 60%) 
 
Number of Door Opening 30 40 50 
Duration each Door Opening (s) 10 15 20 10 15 20 10 15 20 
          
Convective Energy Gain (kJ) 39.5 59.3 79.0 52.7 79.0 105.4 65.9 98.8 131.7 
Mass Transfer Energy Gain (kJ) 34.6 51.9 69.2 46.1 69.2 92.2 57.7 86.5 115.3 
Fresh Air Replacement (kJ) 222.3 222.3 222.3 296.4 296.4 296.4 370.5 370.5 370.5 
Water Vapor Removal (kJ) 243.4 243.4 243.4 324.6 324.6 324.6 405.7 405.7 405.7 
Radiation Energy Gain (kJ) 12.4 18.6 24.8 16.5 24.8 33.0 20.6 30.9 41.3 
Total Open Door Load (kJ) 552.2 595.5 638.7 736.3 793.9 851.6 920.4 992.4 1064.5 
 
To determine the total cabinet load, two different ambient temperatures were chosen, 22°C and 32°C, while three 
different humidity levels were chosen (40%, 70%, and 85%) to correspond to typical seasonal conditions.  The 
inside cabinet temperature was set at 3°C.  For the energy associated with the container replacement, five containers 
similar to those objects in Figure 1b were used in the model analysis.  It was assumed that each container was taken 
out of the refrigerator three times during a 24-hour period and left on the counter for approximately four minutes.  
Since differences in energy increased more between numbers of door openings, the model analysis was set at 40 
door openings.  The duration of door openings was set at 20 seconds, since most investigators used the 
corresponding value in their studies. 
 
Table 2: Cabinet load calculations during a 24-hour period 
 




Cabinet Load Contributions 40% 70% 85% 40% 70% 85% 
Total Door Opening Load (kJ) 499.2 663.4 746.7 913.2 1261.1 1439.3 
Convective Energy Gain (kJ) 77.5 77.5 77.5 135.0 135.0 135.0 
Mass Transfer Energy Gain (kJ) 14.8 67.8 94.6 77.9 188.6 245.2 
Fresh Air Replacement (kJ) 236.7 236.7 236.7 355.1 355.1 355.1 
Water Vapor Removal (kJ) 144.8 256.0 312.4 304.3 541.5 663.1 
Radiation Energy Gain (kJ) 25.4 25.4 25.4 41.0 41.0 41.0 
       
Total Container Replacement Load (kJ) 59.7 86.0 99.3 124.5 178.5 206.1 
Sensible (kJ) 54.8 67.9 74.5 103.3 130.2 143.9 
Latent (kJ) 4.9 18.1 24.8 21.2 48.3 62.2 
       
Water Vapor Removal through Infiltration 
Load (kJ) 
25.2 115.0 159.9 116.4 278.0 358.8 
       
Conduction through Cabinet Wall Load (kJ) 1468.5 1468.5 1468.5 2258.5 2258.5 2258.5 
       
Total Edge Conduction Load (kJ) 607.8 607.8 607.8 934.8 934.8 934.8 
       
Miscellaneous Loads (kJ) 662.4 971.8 1127.2 998.1 1589.3 1887.6 
Extra Defrost Heat of Open Door Water (kJ) 34.5 155.1 216.2 178.5 430.2 558.8 
Extra Defrost Heat of Infiltration Water (kJ) 53.0 241.8 336.1 244.7 584.2 753.9 
Extra Heat Compressor (kJ) 358.9 358.9 358.9 358.9 358.9 358.9 
Extra Heat Fans (kJ) 216.0 216.0 216.0 216.0 216.0 216.0 
       
Total Cabinet Load (kJ) 3322.8 3912.5 4209.4 5345.5 6500.2 7085.1 
Percent Contribution to Open Door and 
Container Replacement (%) 
16.8 19.2 20.1 19.4 22.1 23.2 
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The results of the cabinet loading can been seen in Table 2.  The largest contribution to the cabinet load was 
associated with the conduction through the cabinet and edge effects, which ranged from 45.1% to 62.5%.  As the 
ambient temperature increased from 22°C to 32°C, loads associated with the ambient temperature increased 
significantly, by around 50%.  As the ambient relative humidity increased for a given ambient temperature, the loads 
due to mass transfer, water vapor removal due to the door opening, and the water vapor removal through infiltration 
increased by a higher rate, ranging from 115% to 534%, than the change due to the increase in ambient temperature.  
This significant increase was due to the energy associated in converting the water vapor entering from the outside of 
the refrigerator to condensation that forms on the inside cabinet walls.  The extra effect of water infiltration to the 
cabinet load is the extra defrost heat due to the inefficiency of the defrost process.  In the model, the contribution of 
the door opening and container being placed back into the refrigerator accounted for 16.8% to 23.2% of the overall 




Experiments were conducted to look at heat transfer on cavities and objects based on various sizes.  The results of 
the experimental data were discussed and correlations for Nusselt numbers were determined.  From these 
correlations, a model was created to determine the refrigerator cabinet load.  From the model, the percent 




A area (m2) Subscripts 
cp specific heat (J/kg-K or kJ/kg-K) air air 
Dab mass diffusivity from A to B (m/s2) amb ambient 
Ebi emissive power for black body (W/m2) cab cabinet 
Fij view factor (-) cav cavity 
g acceleration of gravity 9.81 m/s2 cond conduction 
h heat transfer coefficient (W/m2-K) conv convection 
hm convection mass transfer coefficient (m/s) comp compressor 
H height (m) def defrost 
Ji, Jj radiosity (W/m2) edge edge 
k thermal conductivity (W/m-K) fans evaporator fans 
Lc characteristic length (m) ff  fresh food 
L length (m) gask gasket 
m mass (kg) lat latent 
gaskm&  mass infiltration rate (g/min) load load 
Nu Nusselt number (-) mass mass transfer 
P pressure (kPa) misc miscellaneous 
Pr Prandlt number (ν/α) (-) obj object 
Q energy transfer (kJ) open open door 
q heat transfer rate (W) plate AL calorimeter 
Ra Rayleigh number (-) rad radiation transfer 
T temperature (°C or °K) sens sensible 
t time (s) w wall 
W width (m) wi inner wall 
α thermal diffusivity (m2/s) wo outer wall 
β thermal coefficient of thermal expansion (1/K) wv water vapor  
ε emissivity (-)  
ν kinematic viscosity (m2/s) 
σ Stefan-Boltzman constant 5.670e-8 W/m2-K4 
 
 
R054, Page 8 
 
 




Alissi M. S., Ramadhyani, S., Schoenthals, R. J., 1988, Effects of ambient temperature, ambient humidity, and door 
openings on energy consumption of a household refrigerator-freezer, ASHRAE Transactions, vol. 94, part 2: pp. 
1713-1735. 
Boughton, B. E., Clausing, A. M., Newell, T. A., 1996, An investigation of household refrigerator cabinet thermal 
loads, HVAC&R Research, vol. 2, no. 2: pp. 135-148. 
Churchill, S. W., Chu, H. H. S., 1975, Correlating equations for laminar and turbulent free convection from a 
vertical plate, International Journal of Heat and Mass Transfer, vol. 18: p. 1323. 
Ehlert, J. R., Smith, T. F., 1993, View factors for perpendicular and parallel rectangular plates, Journal of 
Thermophysics and Heat Transfer, vol. 7, no. 1: pp.173-175. 
Gage, C. L., 1995, Field usage and its impact on energy consumption of refrigerator/freezers, ASHRAE 
Transactions, vol. 101, part 2: pp. 1201-1210. 
Grimes, J.W., Mulroy, W., and Shomaker, B. L., 1977, Effect of usage conditions on household refrigerator-freezer 
and freezer energy consumption, ASHRAE Transactions, vol. 83, part 1: pp. 818-828. 
Klein, S. A., Alvarado, F. L., 2002, EES: Engineering Equation Solver, F-Chart Software, Middleton WI. 
Knackstedt, L. N., Newell, T. A., Clausing, A. M., 1995, A study of convective heat and mass transfer in a 
residential refrigerator during open door conditions, ACRC TR-71, University of Illinois at Urbana-Champaign. 
Laleman, M. R., Newell, T. A., Clausing, A. M., 1992, Sensible and latent energy loading on a refrigerator during 
open door conditions, ACRC TR-20, University of Illinois at Urbana-Champaign. 
Meier, A., 1995, Refrigerator energy use in the laboratory and in the field, Energy and Building, vol. 22, pp. 233-
243. 
Skok, H., Ramadhyani, S., Shoenals, R. J., 1991, Natural convention in a side-facing open cavity, International 
Journal of Heat and Fluid Flow, vol. 12, no. 1: pp. 36-45. 
Stein, M. A., Bullard, C. W., and Newell, T. A., 2000, Moisture transport, frost visualization, and dual evaporator 
modeling in domestic refrigerators, ACRC CR-28, University of Illinois at Urbana-Champaign. 
Williams, T. L., Clausing, A. M., Newell T. A., 1994, An experimental investigation of natural convection heat 





Financial support for this project was provided by the industrial partners of the Air Conditioning and Refrigeration 
Center at the University of Illinois at Urbana-Champaign and Trinity University’s Elizabeth Kokernot Hardie Junior 
Faculty Fellowship. 
